Circadian clocks regulate membrane excitability in master pacemaker neurons to control daily rhythms of sleep and wake. Here, we find that two distinctly timed electrical drives collaborate to impose rhythmicity on Drosophila clock neurons. In the morning, a voltage-independent sodium conductance via the NA/NALCN ion channel depolarizes these neurons. This current is driven by the rhythmic expression of NCA localization factor-1, linking the molecular clock to ion channel function. In the evening, basal potassium currents peak to silence clock neurons. Remarkably, daily antiphase cycles of sodium and potassium currents also drive mouse clock neuron rhythms. Thus, we reveal an evolutionarily ancient strategy for the neural mechanisms that govern daily sleep and wake.
INTRODUCTION
Circadian clocks have evolved to align organismal biochemistry, physiology, and behavior to daily environmental oscillations. At the core of these clocks in all multicellular organisms are conserved transcriptional feedback loops (Allada and Chung, 2010; Hardin, 2011) . In Drosophila, the bHLH-PAS transcription factor heterodimer CLOCK (CLK) and CYCLE (CYC) directly binds E boxes (CACGTG) in target promoters of the clock genes, period (per) and timeless (tim), and activates their transcription. PER and TIM proteins feed back to repress CLK/CYC activity. The temporal separation of transcriptional activation and repression and/or mRNA and protein oscillations, in some cases by many hours (Lee et al., 1998) , results in robust daily oscillations of per, tim, and other rhythmic transcripts. These molecular clocks, in turn, control a broad range of cellular and physiological responses likely via the rhythmic transcription of clock output genes.
While molecular clocks are expressed in a variety of cell types, those in specific circadian clock neurons in the brain exhibit special properties. These so-called ''master'' circadian pacemakers, such as the mammalian suprachiasmatic nucleus (SCN) and the Drosophila lateral and dorsal neurons, drive robust 24 hr rhythms of sleep and wake behavior (Helfrich-Fö rster, 2005; Mohawk and Takahashi, 2011) . Unlike generic clock cells, these clock neurons are interconnected via neural networks and, as a result, produce coherent and sustained free running molecular and behavioral rhythmicity under constant conditions (Flourakis and Allada, 2015; Guo et al., 2014; Peng et al., 2003; Seluzicki et al., 2014; Shafer et al., 2002; Yang and Sehgal, 2001; Yao and Shafer, 2014) . Although the anatomical features of brain pacemaker networks are highly divergent between mammals and invertebrates such as Drosophila, their ability to control sleep and wake cycles uniformly depends on daily rhythms of membrane excitability (Cao and Nitabach, 2008; Colwell, 2011; de Jeu et al., 1998; Kuhlman and McMahon, 2004; Sheeba et al., 2008) . However, the mechanistic links between the molecular clock and the machinery controlling cellular excitability are not well understood.
Using patch-clamp analysis of the Drosophila DN1p, we show for the first time that circadian clock control of membrane excitability operates via resting sodium leak conductance through the narrow abdomen (NA) channel, providing timed depolarizing drive to circadian pacemaker neurons. We demonstrate that the sodium leak rhythm depends on rhythmic expression of NCA localization factor 1, linking the molecular clock and membrane excitability. We reveal that both flies and mice, separated by hundreds of millions of years in evolution, utilize antiphase oscillations of sodium and potassium conductances to drive clock control of membrane potential. Thus, the conservation of clock mechanisms between invertebrates and vertebrates extends from core timing mechanisms to the control of membrane excitability in the master clock neurons governing sleep and wake.
RESULTS

Rhythmic Resting Potassium and Sodium Leak Currents
Collaborate to Drive Clock-Controlled Excitability of the Drosophila Circadian Neurons To elucidate the mechanistic basis of daily changes in membrane excitability in Drosophila clock neurons, we performed whole-cell patch-clamp electrophysiology on the posterior dorsal neurons 1 (DN1p) on explanted brains (Flourakis and Allada, 2015; Seluzicki et al., 2014) . DN1p neurons harbor molecular circadian clocks, and under 12 hr light-12 hr dark (LD) conditions, they contribute to increases in locomotor activity in advance of lights-on (i.e., morning anticipation) and lightsoff (i.e., evening anticipation) (Zhang et al., 2010a (Zhang et al., , 2010b . In addition to their established function in circadian behavior, the DN1p are an attractive target for patch-clamp analysis, as we can selectively label and identify DN1p neurons using the Clk4.1M-GAL4 driver in combination with UAS-CD8-GFP (Zhang et al., 2010a (Zhang et al., , 2010b ) ( Figure 1A) . Furthermore, the DN1p neurons are easily accessible by electrode, as they are located near the brain surface (Flourakis and Allada, 2015; Seluzicki et al., 2014) .
Using whole-cell patch-clamp analysis, a large daily variation in the firing frequency was detected ( Figure 1B , p < 0.05, and Figure S1A ). The wild-type (WT) DN1ps fire at $10 Hz in the morning (Zeitgeber Time, ZT0-4) and are nearly silent in the evening (ZT8-12) ( Table S1A ). The firing frequency in cell-attached configuration was comparable to that observed in whole-cell mode ( Figures S1B-S1D ), suggesting that dialysis did not alter measurements of firing rates. The membrane potential also exhibited a temporal pattern: more depolarized in the morning than in the evening ( Figure 1C , p < 0.05, and Table S1B ). The neurons show daily rhythmic cellular excitability: more responsive to depolarizing currents in the morning than in the evening ( Figure S1E and Table S2A ). The input resistance had no significant diurnal rhythm ( Figure S1F and Table S1C ). The rhythms in firing frequency and membrane potential were not evident in the arrhythmic core clock mutant per 01 , indicating that the canonical clock controls daily changes in intrinsic membrane properties. Compared to WT, the per 01 neurons are hyperpolarized (Figure 1D ) and show no rhythm in firing frequency ( Figure 1E , p = 0.41), membrane potential ( Figure 1F , p = 0.66), or cellular excitability ( Figure S2A , p > 0.41). The per 01 neurons also require more depolarizing current to fire at the same rates as WT (Figure S2B and Table S2B ). Importantly, the high-amplitude daily rhythms in firing frequency observed in WT neurons exceed those previously described in another set of Drosophila circadian neurons (LNvs) and more closely approximate those described in mammalian SCN clock neurons (Cao and Nitabach, 2008; Colwell, 2011; Kuhlman and McMahon, 2006; Park and Griffith, 2006; Schaap et al., 2003; Sheeba et al., 2008) , indicating that DN1p analysis will be useful to define the mechanisms for clock control of membrane excitability. Given the role of the DN1p in morning and evening behaviors (Zhang et al., 2010a (Zhang et al., , 2010b , these activity measurements suggest that DN1p activity in the morning can drive locomotor activity, while the relative silence of the DN1p in the evening may have a permissive role on other cells controlling evening behavior. DN1p neurons (red) are hyperpolarized and silent compared to WT DN1p neurons (black). Histogram showing the decrease in firing frequency (E) and membrane potential (F) and lack of daily rhythm in per 01 (red, 2.2 ± 1.1Hz, À56 ± 2 mV, n = 15 at ZT0-4 and 3.9 ± 1.5Hz, À55 ± 1.9 mV, n = 10 at ZT8-12, p > 0. To identify ionic conductances responsible for the resting membrane potential (RMP) rhythm, we blocked action potential firing using the voltage-dependent sodium channel blocker tetrodotoxin (TTX, 10 mM) and then applied a cocktail of potassium (K) channel inhibitors (10 mM TEA, 5 mM 4AP, and 2 mM CsCl) to block both voltage-dependent and voltage-independent (leak) K conductances (Fogle et al., 2011) . We subsequently used N-methyl-D-glucamine (NMDG) substitution of extracellular sodium to block sodium leak currents (Jackson et al., 2004; Lu et al., 2007; Raman et al., 2000) at different times of day. As in mammals (Kuhlman and McMahon, 2004) and mollusks (Michel et al., 1993) , the effect of blocking K leak conductances in Drosophila was dependent on time of day, producing little change in the morning (Figures 2A, 2B , and 2D) but a sizable depolarization in the evening ( Figure 2C and 2D), indicating that rhythmic resting K conductance is conserved between flies and mammals (Kuhlman and McMahon, 2006) . In contrast to K blockade, we discovered that blockade of resting sodium leak produced a larger hyperpolarization in the morning than in the evening ( Figures 2C-2E ). Such time-ofday-dependent effects of sodium channel blockade have not been previously reported. Notably, this time-of-day-dependent effect on membrane potential of sodium blockade (D$7 mV morning versus evening) is roughly equal to that of potassium blockade, suggesting that each makes a comparable contribution to daily excitability rhythms. As these rhythms are observed during network silencing from TTX, this suggests that changes in RMP are not driven by synaptic inputs but are intrinsic to the cells. Taken together, our results demonstrate that time-ofday-dependent sodium and K conductances, in the morning and evening, respectively, may underlie RMP rhythms.
The Ion Channel NARROW ABDOMEN Controls Drosophila Circadian Pacemaker Rhythms A candidate mediator of resting sodium conductances in clock neurons and circadian behavior is the NARROW ABDOMEN (NA) ion channel (Lear et al., 2005; Nash et al., 2002) . NALCN, the closely conserved mammalian homolog of NA, has been characterized as a voltage-independent mixed cation channel important for setting RMP and mediating resting leak sodium current (Lu et al., 2007; Swayne et al., 2009 ). This current is not blocked by TTX but can be reduced by either Gd 3+ or replacement of extracellular sodium with NMDG (Lu et al., 2007) . In a 12 hr LD cycle, increases in locomotor activity in advance of lights-on (i.e., morning anticipation) and lights-off (i.e., evening anticipation) are suppressed in na har mutants (Lear et al., 2005; Nash et al., 2002) . Although NA expression in the DN1p can rescue morning and, to a lesser extent, evening phenotypes (Zhang et al., 2010a) , it remains unclear whether NA is a rhythmic mediator of resting membrane potential of circadian clock neurons. We therefore examined clock neuron excitability in na mutant DN1p neurons. Strikingly, na har mutant DN1p neurons were completely silent ( Figures 3A and 3B ) and remained hyperpolarized throughout the whole day ( Figure 3C and Table S1B ).
No daily rhythm in cellular excitability was detected in na har ( Figure 3D and Table S2C ; p > 0.35). Positive current injections show that na har mutant neurons fire fewer action potentials compared to controls, indicating that these neurons are healthy and can still generate action potentials but require more depolarizing current to fire at the same rate as WT neurons ( Figures 3D  and 3E ). Wild-type membrane excitability can be restored by inducing NA expression only in the DN1p in the mutant, confirming that these effects are due to na and are likely cell autonomous (A-C) (A) Representative current-clamp recording at ZT2 showing the effect of K and sodium conductance blockers on membrane potential. Bars indicate when drugs were applied (blue, TTX 10 mM; red, TEA 10 mM, 4-AP 5 mM, CsCl 2 mM; green, NMDG to replace the sodium from the extracellular solution). The effect of K blockers and sodium replacement on the membrane potential at different times of day are shown in (B) for ZT2 and (C) for ZT10. (D and E) (D) Averaged changes of the membrane potential by K blockers (10 mM TEA, 5 mM 4-AP, and 2 mM CsCl): À1.2 ± 1.4 mV, n = 5 between ZT0-4 and 7.1 ± 1 mV, n = 5 between ZT8-12 and (E) sodium replacement with NMDG: À17.2 ± 0.8 mV, n = 5 between ZT0-4 and À12.6 ± 1.2 mV, n = 5 between ZT8-12.
Results are expressed as mean ± SEM. Asterisks indicate statistical significance (p < 0.05) from t test.
( Figure 3E and Table S2D ). NMDG substitution induces an increase in the input resistance, indicating that NA is open at rest ( Figure 3F ).
We next directly measured voltage-clamped NA-dependent current (I NA ) at different times of day. A voltage ramp protocol (from -113 mV to +87 mV) was used to measure the inward current at À113 mV, in the presence of TTX. Replacing the sodium from the extracellular solution with NMDG reveals the sodium leak current ( Figure 4A ). Consistent with the sodium leak current being driven specifically by NA, the observed current is reduced in the na har mutant neurons and can be restored by rescuing the expression of NA in the mutant ( Figure 4A ). Measuring I NA at different times of day reveals a diurnal modulation of current density: it is higher in the morning and lower in the evening (Figures  4B and 4C and Table S1D Figure 4D , p = 0.21), the latter indicating core clock control. Further, the rhythm in NA conductance was evident even after Clk4.1M-GAL4-driven rescue ( Figure 4E ). Given GAL4 stability, any promoter-driven transcriptional rhythms may not be evident as GAL4 protein rhythms, and thus GAL4-induced transcription of na may not be rhythmic (Kaneko et al., 2000) , suggesting that NA current rhythms do not require na transcript rhythms. Taken together, these results indicate that the clock control of sodium leak current through NA mediates rhythms of resting membrane potential.
Nlf-1 Expression is Time Dependent and Is Required for Locomotor Activity Rhythms and NA Leak Current
To identify molecular links between core clocks and membrane excitability, we employed fluorescence-activated cell sorting of GFP-labeled DN1p and performed RNA-Seq at distinct times during the LD cycle. Using empirical JTK_CYCLE (Hutchison et al., 2015) , an updated version of JTK_CYCLE (Hughes et al., 2010) , to detect rhythmic transcripts at a false discovery rate of 5% (Benjamini-Hochberg adjusted, p < 0.05), we observed robust 24 hr rhythms in CG33988, the fly ortholog of the NCA localization factor 1 (NLF-1), but not in na itself, its regulatory subunits unc79 and unc80 (Lear et al., 2013) , nor the NALCN activators such as Src family kinases (Lu et al., 2009) , Src42a, and Src64b in flies ( Figure 5A ). NLF-1 has been previously shown to interact with NA orthologs in worms (NCA-1 and -2) and mammals (Xie et al., 2013) . NLF-1 protein is expressed in the endoplasmic reticulum and is required for the proper axonal localization of NCA-1 and -2 (Xie et al., 2013) . Rhythmic expression of CG33988/Nlf-1 transcript was further confirmed with quantitative PCR (Figure 5B ), and consistent with clock control, CG33988/Nlf-1 transcript is rhythmic in the DN1p in constant darkness (DD) ( Figure 5C ). Nlf-1 transcript is also highly enriched in the DN1p clock neurons in comparison to whole heads (Figure 5D ). Chromatin immunoprecipitation experiments indicate that the core clock transcription factor CLOCK rhythmically binds the Nlf-1 genomic locus, suggesting a direct biochemical link to the core clock (Abruzzi et al., 2011) . Taken together, this suggests that Nlf-1 is a key mediator of NA rhythms that couples the transcriptional oscillator to membrane potential rhythms.
To assess the function of NLF-1 in circadian behavior, we knocked down its transcript levels using three independent transgenic dsRNA and shRNA lines in combination with the broad circadian driver tim-GAL4. In contrast to the previously reported weak effect of CG33988 RNAi knockdown on evening behavior (Ghezzi et al., 2014) , we found dramatic reductions in rhythmic strength in DD (3/3 lines) and reduced anticipation of lights-on (2/3 lines) and lights-off transitions (3/3 lines) under LD conditions ( Figures 6A and S3 ). These effects are comparable to those observed in loss-of-function na alleles (Lear et al., 2005) and knockdown of na using RNAi ( Figure S3 and Tables S3 and  S4 ). Restricting Nlf-1 knockdown to non-PDF clock neurons (tim-GAL4, pdf-GAL80) also caused reduced morning and evening anticipation, as well as reduced rhythmicity (Tables S3  and S4 ), consistent with prior na rescue studies (Lear et al., 2005) . Further restricting Nlf-1 knockdown to the DN1p using Clk4.1M-GAL4 resulted in reduced DD rhythmicity (Table S3) .
The role of Nlf-1 extends to PDF neurons. Restricting Nlf-1 knockdown to PDF neurons, using two different pdf-GAL4 drivers (pdf-GAL4 and pdf0.5-GAL4 ), dramatically reduces free running rhythms (Table S3) , consistent with the highly enriched Nlf-1 transcript observed in larval PDF+ sLNv neurons and with the described role of NA in PDF neurons (Lear et al., 2005) . In addition, we extended our patch-clamp analysis to the large LNv neurons ( Figure S4A ). Here, we observed clock-dependent rhythms in membrane properties as previously observed (Figures S4B and S4C) (Cao and Nitabach, 2008; Sheeba et al., 2008) . In addition, we found clock-dependent NA current rhythms similar to those we observed for the DN1p, with peak levels in the morning ( Figure S4D ). Thus, our findings in DN1p extend to other circadian neurons.
We then tested whether Nlf-1 is important for NA current levels, which may reflect the proper channel localization to the cell membrane. Knockdown of Nlf-1 expression was confirmed in the DN1p with quantitative PCR ( Figure 6B ). We find that knockdown in the DN1p results in a similar phenotype to that observed for na mutants with cells becoming hyperpolarized and silent ( Figure 6C ). Cellular excitability is also decreased in the Nlf-1 knockdown, as the neurons are less responsive to depolarizing currents ( Figure 6D and Table S2E ). NA-dependent current was also strongly suppressed after Nlf-1 knockdown ( Figure 6E ). To further examine the mechanism by which NLF-1 might regulate NA, we assayed NA protein expression after Nlf-1 knockdown. Nlf-1 knockdown with a broad neuronal driver (elav-G4) also results in strong reductions in rhythmic strength in DD and reduced morning and evening anticipation (Figure S5A and Tables S3 and S4) . Surprisingly, NA protein levels were dramatically reduced in these flies ( Figure S5B ). We also observed lower NA expression ($50% reduction) when na was driven transgenically in the DN1p of Nlf-1 knockdown flies ( Figure S5C ). In part due to the small soma and limited expression in projections, we could not reliably assess cell membrane or axonal localization. Yet Nlf-1 knockdown does not reduce DN1p na transcript levels ( Figure S5D ). Nlf-1 knockdown in the DN1p phenocopies a na mutant, suggesting that NA current is nearly abolished ( Figure 6E ) yet transgenic NA is reduced by just $50%. Thus, we favor the view that strong effects of Nlf-1 knockdown on NA current are only in part due to changes in NA levels.
If the oscillation of Nlf-1 transcript is critical to setting NA levels and DN1p membrane excitability, we would predict that Nlf-1 overexpression would increase NA current at evening time points when NA current is typically at trough levels. We observed that, in the evening (ZT8-12) NLF-1 overexpression depolarizes membrane potential, elevates firing rates ( Figure 6F ) and cellular excitability ( Figure 6G and Table S2F) , and, most importantly, increases NA current ( Figure 6H ) at a time when each of those parameters is near their daily trough in wild-type flies. Indeed, sodium leak current density in the evening in Nlf-1 overexpression flies ($2pA.pF À1 ) is comparable to that seen at peak levels in wild-type flies in the morning. Taken together, these results indicate that Nlf-1 expression is rhythmic and mediates NA activity rhythms. This demonstrates a molecular mechanism linking the core clock to membrane excitability via the rhythmic transcription of a factor important for ion channel function in Drosophila circadian neurons ( Figure 6I ).
NALCN Current Is under Clock Control in Mammalian SCN Pacemaker Neurons
Although we demonstrated a rhythmic function for resting sodium leak in Drosophila clock neurons, rhythmic resting sodium conductances have yet to be described in mammalian clock neurons. Previous patch-clamp analyses of dissociated SCN neurons demonstrated the presence of a NALCN-like current (TTX-resistant, NMDG-sensitive, voltage-independent sodium conductance termed I background ) that is largely responsible for the initial phase of the depolarizing drive during the interspike interval (Jackson et al., 2004) . To determine whether this activity is rhythmic in mammalian circadian pacemaker neurons, we performed voltage-clamp analysis during subjective day and night from organotypic slices containing the SCN from mice entrained for 2 weeks in LD and then maintained under constant darkness conditions for at least 3 weeks. Rhythms in firing frequency, membrane potential, and input resistance were observed, thus validating the preparation ( Figures S6A-S6C ). In the presence of TTX to block action potentials, the NALCN blockers, NMDG ( Figure 7A ) or Gd 3+ ( Figure S6D ), induce a hyperpolarization, while no additional effect of applying Gd 3+ after sodium replacement with NMDG was observed ( Figure 7B ). Importantly, in hippocampal neurons, the vast majority of current with this pharmacological profile is mediated by NALCN (Lu et al., 2007) . To confirm the molecular identity of the sodium leak in the SCN, we generated a forebrain-specific knockout of NALCN with a CamkIIa-cre driver. With this driver, CRE expression mimics the endogenous expression of CamkIIa (enriched in the forebrain, neuron-specific [Casanova et al., 2001] ). CamkIIa expression is also highly enriched in the SCN, and loss of circadian rhythms in mice with a CamkIIa-specific knockout of a core clock gene (Bmal1) is observed (Izumo et al., 2014) . We first confirmed that the NMDG-evoked hyperpolarization (Figure 7A) Figure S7G ), indicating that cells were healthy but required a greater depolarizing input to evoke action potentials. We further confirmed the presence of NALCN current during the interspike interval in (Lu et al., 2007) . We then assessed I NALCN at different times of day and found that it was significantly larger during the subjective day than subjective night, consistent with a control by the circadian clock ( Figure 7G , p < 0.001).
To determine the impact of a day-night change in I NALCN ($0.7 pA.pF À1 ) on firing frequency and membrane potential,
we simulated sodium leak current modulation using an updated version of a mathematical model of SCN membrane excitability (Diekman et al., 2013 ) (see Experimental Procedures). This model accurately captures the effect of NALCN blockers on the membrane potential of SCN neurons ( Figure 7H ). According to this model, modest daily changes in sodium leak conductance comparable to those observed experimentally can have sizable effects on neuronal firing rates ( Figure 7I ). To explore the contributions of both sodium and potassium leak currents to the daily variation of firing rate in SCN neurons, we simulated concurrent modulation of these two conductances. Beginning from a subjective day firing rate of 7 Hz, reducing sodium leak conductance by the amount suggested by our experimental measurements ($0.7 pA.pF À1 , Figure 7G ) decreases firing rate to 2 Hz.
Experimentally, we observed that, during the subjective day, I NALCN is, in fact, positively correlated with firing frequency ( Figure S6J ), suggesting that I NALCN significantly impacts neuronal physiology. Even lower firing rates that are characteristic of subjective night (0.5 Hz) can be achieved by increasing potassium leak conductance in conjunction with this reduction in sodium leak ( Figures 7J and S7) . Thus, elevated sodium leak during the day and elevated potassium leak at night can recapitulate the experimentally observed daily variations in SCN firing rate through relatively modest changes in these leak currents.
DISCUSSION
Taken together, our work defines a conserved mechanism for the maintenance of circadian oscillations necessary for robust daily behaviors ( Figure 6I ) that we term the ''bicycle'' model. Membrane oscillations are driven by two cycles with opposite temporal phases analogous to cycling bicycle pedals. During the morning/day, sodium leak mediated by NA/NALCN is elevated while resting K currents are reduced, depolarizing the neuron to promote elevated firing rates. During the evening/ night, sodium leak is low and resting K currents are elevated, hyperpolarizing the cell to suppress firing rates. The clockcontrolled transcript Nlf-1 drives the rhythm of NA/NALCN current, linking the core clock to ion channel activity. While Drosophila has been a well-established model for defining molecular genetic mechanisms, relatively little is known about the specific ionic currents that underlie fly pacemaker neuron excitability rhythms due to the small size of Drosophila soma. Most cellular electrophysiological analyses have focused on the largest cells, the large ventral lateral neurons (Cao and Nitabach, 2008; Fogle et al., 2011 Fogle et al., , 2015 Sheeba et al., 2008 ). Yet, even in these neurons, the specific ionic currents under clock control have yet to be defined. Using whole-cell, patchclamp electrophysiology of DN1p pacemaker neurons, we found high-amplitude oscillations of spontaneous firing rates and basal membrane potential that are comparable to those observed in mammalian SCN clock neurons. Moreover, we demonstrate clock control of both resting sodium leak conductance as well as resting potassium conductance. Our data suggest that the patch-clamp analysis of the DN1p will be valuable in defining the ionic currents that mediate clock control of neuronal excitability.
Our data indicate that the daily changes in membrane excitability that we observe are cell autonomous. The observed cycles of resting currents are evident even in the presence of TTX. Bath application of TTX silences neurons and thus would block firing-dependent neurotransmitter release. Moreover, cycling sodium leak currents are driven by the transcriptional oscillation of Nlf-1, providing a cell-autonomous mechanism for clock control. We propose that cell-autonomous clock regulation collaborates with rhythmic network inputs, such as PDF, which likely act in the morning to excite DN1p neurons (Kunst et al., 2014; Seluzicki et al., 2014) . In turn, DN1p excitation drives waking behavior in the morning (Kunst et al., 2014; Zhang et al., 2010a Zhang et al., , 2010b and free running rhythmicity, perhaps via the DH44 neurons in the pars intercerebralis (Cavanaugh et al., 2014) . As the DN1p are also important for evening behavior (Zhang et al., 2010a) , evening silencing may permit other neurons (e.g., the LNd) to drive evening behavior.
The clock control of membrane potential has largely focused on modulation of resting potassium conductance in the SCN (Kuhlman and McMahon, 2004) as well as in Bulla photoreceptors (Michel et al., 1993; Michel et al., 1999) . Surprisingly, we observed rhythms of sodium leak conductance in the fly (F) Representative current-clamp recordings at ZT10 showing that the Nlf-1 overexpressing DN1p neurons (red) are depolarized and more active compared to control DN1p neurons (black).
(G) Depolarizing current injections confirm the increase in cellular excitability in Nlf-1 V5 -overexpressing neurons (red) versus control (black) (p < 0.05).
(H and I) (H) Sodium leak current density is also increased in the Nlf-1
V5
-overexpressing neurons (red) versus control neurons (black) (1 ± 0.05 pA.pF À1 , n = 4 in Nlf-1 CT and 1.9 ± 0.1 pA.pF À1 , n = 5 in Nlf-1 OX, measured at ZT8-12, p < 0.05). Results are expressed as mean ± SEM. Asterisks indicate statistical significance (p < 0.05 from a t test). A summary cartoon depicting the conserved bicycle model for controlling membrane excitability of circadian pacemaker neurons is shown in (I). In the morning/day, the molecular clock drives high NLF-1 activity, increasing the sodium leak activity, and K conductances are reduced, thus increasing cellular excitability. In the evening/night, the sodium leak is decreased, and, in parallel, K conductances are high, thus silencing the neurons. This dual regulation of the conductances responsible for the membrane properties is critical for driving high-amplitude rhythmic oscillations of cellular excitability. See also Figures S3, S4 , and S5 and Tables S2, S3 , and S4. 
(legend continued on next page)
DN1ps and l-LNvs, as well as in mammalian SCN, that are mediated by the NA/NALCN channel. This sodium leak exhibits the pharmacological sensitivity previously defined for the NALCN current (Lu et al., 2007) , most notably NMDG + and Gd 3+ block. In addition, the current is reduced in na mutant flies and in mice with a brain-specific knockout of NALCN. Clock modulation of this sodium current also likely impacts neurophysiology. Loss-of-function na mutants and NALCN knockout result in silent and hyperpolarized neurons. Computational modeling of SCN neurons demonstrates that the modest daily rhythm of sodium leak can significantly impact overall firing rates. Thus, our work defines a molecular mechanism for clock control of membrane excitability.
Using a combination of genomics, electrophysiology, and behavior, our work reveals a molecular pathway that links the transcriptional clock to these sodium current rhythms. The mechanisms of clock control of membrane excitability have largely focused on the direct clock control of ion channel transcripts (Itri et al., 2005; Kudo et al., 2011; Meredith et al., 2006; Nahm et al., 2005; Pennartz et al., 2002; Pitts et al., 2006) . Using RNA-seq and qPCR validation on FACS-sorted DN1p neurons, we identify robust rhythms of Nlf-1, an ER protein that is important for the localization of NALCN and its orthologs (Xie et al., 2013) . Moreover, RNAi knockdown of Nlf-1 results in suppression of behavioral rhythms, NA expression, and related current. Conversely, NLF-1 overexpression increases NA current, firing frequency, and membrane potential in the evening when these parameters are typically at their troughs in wild-type flies, suggesting that Nlf-1 controls activity and/or localization of NA. Chromatin immunoprecipitation has demonstrated rhythmic CLK binding at the Nlf-1 locus (Abruzzi et al., 2011) . Our cell-specific knockdown experiments indicate that Nlf-1 functions broadly within the clock network to control morning and evening anticipation as well as DD rhythms, suggesting that this mechanism is widely applied. Future work will be required to determine whether Nlf-1/NA rhythms in morning and evening cells have distinct phases. Nonetheless, we have defined a molecular pathway that directly links CLK-driven transcriptional oscillations to NA current and behavioral rhythms.
This mechanism may not only be operating in clock neurons but may also be broadly involved in rhythmic changes in brain states. For instance, NALCN is critical to the maintenance of respiratory rhythms (Lu et al., 2007) . Both fly and worm na/ nca loss of function results in disrupted locomotion as well as altered sensitivity to general anesthetics (Humphrey et al., 2007) . na mutant flies also show altered behavioral state transitions related to sleep and anesthesia (Joiner et al., 2013) . More generally, the NA/NALCN current shown here has an identical electrophysiological profile to the tonic cation current required for regular firing in neurons of the mouse cerebellar nuclei (Raman et al., 2000) .
Our work also demonstrates that, like the core molecular clock, clock control of membrane potential is also widely conserved in neurons important for sleep and wake. We hypothesize that the common ancestor of the mouse and the fly had master circadian pacemaker neurons that drove its daily behavior. Moreover, these clock neurons employed daily antiphase sodium and potassium conductances to drive their rhythmic activity. Thus, our finding suggests an ancient strategy governing neuronal activity important for driving daily cycles of sleep and wake.
EXPERIMENTAL PROCEDURES
Please see the Supplemental Experimental Procedures for detailed protocols.
Electrophysiological Recordings from Drosophila Neurons
Whole-brain electrophysiology experiments were performed with pipettes (10-14 MU) filled with internal solution. The sodium leak current (I Na ) was examined in the presence of TTX (10 mM), TEA (10 mM), 4-AP (5 mM), and CsCl (2 mM) and was revealed by replacing the extracellular sodium with NMDG (Lu et al., 2007) . All recordings were corrected for liquid junction potential (13 mV). For analysis, cells with high series resistance or with low membrane resistance (< 1GU) were discarded.
RNA Isolation, Amplification, and Sequencing RNA was isolated and amplified as previously described (Kula-Eversole et al., 2010) . The quality and quantity of dsDNA was assessed on Bioanalyzer (Agilent). After quality control, libraries were generated using TruSeq Sample Preparation Guide (following manufacturer's protocol [Illumina] ). The RNA-seq was performed on HiSeq2000 (Illumina). Bowtie (Langmead et al., 2009 ) was used to align short-read aligner to references (obtained from http://flybase. org). Quantification was performed using eXpress (Roberts et al., 2011) . Rhythmic transcripts were detected using empirical JTK_CYCLE (Hutchison et al., 2015) , and transcripts were considered robustly rhythmic when the Benjamini-Hochberg corrected p value or false discovery rate < 0.05. Empirical JTK_CYCLE derives p values empirically considering asymmetric waveforms.
Mathematical Modeling
Simulations of a Hodgkin-Huxley type model of SCN membrane excitability were performed using MATLAB R2012b (Mathworks). The model was fit to experimental data from SCN neurons and consists of a system of ordinary differential equations for membrane potential (V) and six ionic gating variables (m, h, n, r, f, and b) with parameter values C = 5.7 pF, I app = 0 pA, g Na = 229 nS, g K = 14 nS, g Ca = 65 nS, g BK = 10 nS, g Cl = 0.3 nS, g K-leak = 0.04 nS, E Na = 45 mV, E K = À97 mV, E Ca = 64 mV, E Cl = À60 mV, and E NALCN = À20 mV.
Our SCN model extends previously published versions (Diekman and Forger, 2009; Sim and Forger, 2007) by separating the leak current into sodium, potassium, and chloride components (with parameter values chosen based on our measurements of sodium leak current density and RMP) and by incorporating a large-conductance calcium-activated potassium (BK) current. BK channels are voltage and calcium gated. However, since the nanodomain calcium concentration sensed by the channel reaches equilibrium very quickly, we follow (Tomaiuolo et al., 2012) and model the gating as a purely voltage-dependent process. The differential equations were solved using the Euler-Maruyama method, with a time step of 0.01 ms and standard Gaussian-distributed voltage noise (m = 0, s = 0.5). 
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